Cilia function as cell sensors in many organs, and their disorders are referred to as "ciliopathies." Although ciliary components and transport machinery have been well studied, regulatory mechanisms of ciliary formation and maintenance are poorly understood. Here we show that male germ cell-associated kinase (Mak) regulates retinal photoreceptor ciliary length and subcompartmentalization. Mak was localized both in the connecting cilia and outer-segment axonemes of photoreceptor cells. In the Mak-null retina, photoreceptors exhibit elongated cilia and progressive degeneration. We observed accumulation of intraflagellar transport 88 (IFT88) and IFT57, expansion of kinesin family member 3A (Kif3a), and acetylated α-tubulin signals in the Mak-null photoreceptor cilia. We found abnormal rhodopsin accumulation in the Mak-null photoreceptor cell bodies at postnatal day 14. In addition, overexpression of retinitis pigmentosa 1 (RP1), a microtubule-associated protein localized in outer-segment axonemes, induced ciliary elongation, and Mak coexpression rescued excessive ciliary elongation by RP1. The RP1 N-terminal portion induces ciliary elongation and increased intensity of acetylated α-tubulin labeling in the cells and is phosphorylated by Mak. These results suggest that Mak is essential for the regulation of ciliary length and is required for the long-term survival of photoreceptors.
C ilia are evolutionally conserved microtubule-based organelles that extend from basal bodies and form on the apical surface of cells. In humans, ciliary dysfunction is associated with various diseases that can be broadly classified as "ciliopathies." As exemplified by Bardet-Biedl syndrome (BBS), diseases linked with a defect in the primary cilia usually are associated with a broad spectrum of pathologies, including polydactyly, craniofacial abnormalities, brain malformation, situs inversus, obesity, diabetes, polycystic kidney, and retinal degeneration (1, 2) . In vertebrates, many types of cells in the G1 phase develop cilia, but ciliary length varies in each cell type of different tissues (3) . Retinal photoreceptor cells develop a light-sensory structure containing photopigments and lighttransducing machinery, the outer segment. Outer segments are formed initially from the primary cilia in photoreceptor precursors (4, 5) . The photoreceptor cilium is divided structurally into at least two subcompartments: the connecting cilia, distal to the basal body, and the axoneme in the outer segment, distal to the connecting cilia. The connecting cilium is analogous to the transitional zone of the motile cilia (6, 7) . Connecting cilium connects the inner and outer segments of photoreceptors and is essential for protein transport between the inner and outer segments. Defects of the photoreceptor ciliary transport machinery (called "intraflagellar transport," IFT) cause photoreceptor degeneration in model animals (8) (9) (10) . The retinitis pigmentosa 1 (RP1) protein is localized specifically in the outer-segment axonemes in photoreceptors, which stabilizes cytosolic microtubules (11) . A mutation in human RP1 generating a deletion of the RP1 C-terminal portion causes dominant retinitis pigmentosa (12) .
Mechanisms of ciliogenesis have been well studied in the green algae Chlamydomonas reinhardtii. The Chlamydomonas LF4 mutant shows a long-flagella phenotype. LF4 encodes a protein highly similar to mammalian male germ cell-associated kinase (Mak) and intestinal cell kinase (ICK) (13) . Loss of function of the LF4 homologs Caenorhabditis elegans dye-filling defective 5 (Dyf-5) and Leishmania Mexicana LmxMPK9 also causes slightly elongated cilia or flagella (14, 15) . However, molecular regulatory mechanisms controlling ciliary length remain unknown. Mak was first identified as a gene highly expressed in testicular germ cells (16) . Spermatogenesis of the Mak-KO mouse is intact (17) . In addition to expression in the testis, Mak is also expressed in the retina (18, 19) . However, the molecular function of Mak in the retina has not been reported yet.
Results
Mak Is Expressed in Photoreceptors in the Retina. In the course of a microarray screening for genes specifically expressed in photoreceptors (20) , we found that the Mak transcript is markedly reduced in the orthodenticle homeobox 2 (Otx2) conditional knockout (CKO) retina in which most of the photoreceptors are converted to amacrine-like cells (21) . We confirmed by quantitative PCR analysis that Mak expression is markedly decreased in the Otx2 CKO retina at postnatal day 12 (P12) (Fig. S1A) . From a retinal cDNA library we cloned an alternatively spliced form of Mak full-length cDNA containing a 75-bp in-frame insertion to the reported Mak cDNA (19) (Fig. S2) . RT-PCR analysis revealed that this form is likely to be the major alternatively spliced form of the Mak transcript in the retina (four of six clones analyzed). To investigate Mak expression in the developing retina, we performed in situ hybridization analysis using a Mak probe ( Fig. 1 A and B and Fig. S1 B-D). Mak expression was detected first at embryonic day 15.5 (E15.5) in the outer part of the neuroblastic layer (NBL), corresponding to photoreceptor precursors (Fig. 1A) . Mak expression was restricted to the photoreceptor layer after birth (Fig. 1B and Fig. S1 C and D) . These results indicate that Mak is expressed predominantly in photoreceptor cells in the retina.
Mak Is Localized in the Photoreceptor Connecting Cilia and OuterSegment Axonemes. To investigate the subcellular localization of Mak in photoreceptor cells, we immunostained retinal sections using an anti-Mak antibody. To eliminate cross-reaction with other kinases, we raised an antibody which recognizes the C-terminal portion of Mak. We confirmed that the anti-Mak antibody recognizes the major retinal variant of Mak with the 25-amino acid insertion (Fig. S1E) . By immunostaining, we observed a layer of Mak signals between the retinal pigment epithelia and outer nuclear layer (ONL) corresponding to the photoreceptor cilia (Fig. 1C) .
To identify the precise localization of Mak in the photoreceptor cilia, we immunostained the retina using the Mak antibody along with other ciliary markers including acetylated α-tubulin (a ciliary marker), retinitis pigmentosa GTPase regulator (RPGR, a connecting cilium marker) (7), RP1 (a marker for the outer-segment axonemes) (11) , and rod outer-segment membrane protein 1 (ROM1, a marker for the outer-segment disks) ( Fig. 1 C-L) (22) . The Mak signal was observed broadly in the photoreceptor cilia overlapping with ROM1, RPGR, RP1 and acetylated α-tubulin signals ( Fig. 1 C-F and H-K; for summary, see Fig. S9 ). We observed a slight signal of Mak overlapping with the γ-tubulin signal, a marker for basal bodies ( Fig. 1 G and L) . These results indicate that Mak is localized in both the connecting cilia and the outersegment axonemes. Interestingly, the intensity of the Mak signal was not uniform in the photoreceptor cilia. The decreased Mak signal was observed in the proximal portion of the connecting cilia ( Fig. 1 E and J) and the distal portion of the outer-segment axonemes ( Fig. 1 F and K) .
Photoreceptors Degenerate Progressively in the Mak-Deficient Retina.
Mak-null mice were established previously, and it was reported that Mak is not essential for spermatogenesis, although Mak is highly expressed in the testis (17) . To investigate in vivo Mak function in the retina, we analyzed this KO mouse. We confirmed that none of the normal Mak transcripts, including the major retinal variant of Mak with a 75-bp insertion, were expressed in the Mak-KO retina (Fig. S1F) . Until retinogenesis was complete in the normal retina at postnatal day 14 (P14), the Mak-KO retina exhibited normal layering and cell composition, indicating that loss of Mak does not affect cell fates (Fig. 2 A and B and Fig. S3 A-F). We also analyzed the retinas at age 1 mo, 6 mo, and 12 mo. Notably, we found progressive degeneration of the ONL (a photoreceptor layer) in the Mak-KO retina after 1 mo (Fig. 2 C-I ). This progressive ONL loss often is observed in animal models of retinitis pigmentosa and Leber's congenital amaurosis (23) (24) (25) (26) (27) . We observed no obvious structural differences between the heterozygous and wild-type retinas at 6 mo ( Fig. S4 A-C) . The thickness of the other layers did not differ in the Mak-KO and wild-type retinas (Fig. S5A) .
To examine if loss of Mak in the retina affects photoreceptor function, we recorded electroretinograms (ERG) from adult Mak-KO mice at age 3 mo. Both scotopic and photopic ERG amplitudes of Mak-KO mice were significantly smaller than those of the control mice ( Fig. 2J and Fig. S5 B-D) . These results show that the loss of Mak impairs the function of both rods and cones.
Cilia Are Elongated in Mak-KO Photoreceptors. How does progressive photoreceptor death occur in the Mak-KO retina? To explore this question, we examined photoreceptors in the Makdeficient retina by immunostaining using antibodies against photoreceptor ciliary markers. We first confirmed the loss of Mak in the photoreceptor cilia of the Mak-KO retina at P14 (Fig.  3 A, A′, B, and B′). Notably, we found that the cilia stained with the anti-acetylated α-tubulin antibody were markedly elongated in Mak-deficient rod photoreceptors (Fig. 3B ). We measured ciliary length of rod photoreceptors and found that the acetylated α-tubulin-positive cilia in Mak-KO photoreceptors were approximately twice the length of wild-type cilia ( Fig. 3 K and L). We also found that cone photoreceptor cilia were elongated in the Mak-null retina ( Fig. S6 A-D) . To investigate whether ciliary subcompartments are affected in Mak-KO photoreceptors, we immunostained for RPGR (a marker of the connecting cilia) in the Mak-KO retina. We observed an approximately twofold elongation of the RPGR-positive connecting cilia in the Mak-KO retina ( Fig. 3 C, D, and L and Fig. S6E ). In contrast, γ-tubulin staining (a basal body marker) showed no significant difference between Mak-KO and wild-type photoreceptors ( Fig. 3 C and  D) . Next, we stained for RP1, a marker of the outer-segment axonemes. Unexpectedly, we observed excessively long acetylated α-tubulin labeling in the outer-segment axonemes ( Fig. 3 E and F). In most of the wild-type photoreceptors, an acetylated α-tubulin signal is observed in less than half of the proximal portion of the RP1-positive outer-segment axoneme, whereas in the Mak-KO photoreceptors often almost all the outer-segment axoneme is acetylated α-tubulin signal-positive. The percentage of excessively long acetylated α-tubulin labeling of the outersegment axonemes (wherein more than half of the distal portion of the outer-segment axoneme is acetylated α-tubulin signalpositive) is 5.1% (n = 59) in the wild-type photoreceptors, whereas in Mak-KO photoreceptors 83.3% (n = 66) of the axonemes have excessively long acetylated α-tubulin labeling. The distance from the top of the outer segment to the top of the outer-segment axonemes stained with acetylated α-tubulin decreased in Mak-KO photoreceptors (Fig. S6 F and G) . These results demonstrate that loss of Mak affects both subcompartments of the cilia, the connecting cilia and outer-segment axonemes. To examine whether loss of Mak affects the anterograde IFT and kinesin motors, we stained photoreceptor cilia with anti-IFT88, anti-IFT57, and anti-Kif3a antibodies. We observed that both IFT88 and IFT57 were concentrated on two portions, the tip of the connecting cilia at the outer-segment base and the basal part of the connecting cilia, as previously reported (28) . Notably, in Mak-KO photoreceptors, we found that IFT88 and IFT57 were accumulated in outer-segment axonemes ( Fig. 3 G and H and Fig. S6 H and I) . In wild-type photoreceptors, the Kif3a staining overlaps with the acetylated α-tubulin staining and is concentrated on the basal part of the cilia (Fig. S6 J and K) . In Mak-KO photoreceptors, the Kif3a staining extends along the elongated acetylated α-tubulin-positive cilia (Fig. S6 J and K) . Interestingly, we also observed an accumulation of rhodopsin in the Mak-KO photoreceptor cell bodies at P14 (Fig. 3 I, I′ , J, and J′).
Mak is expressed in epithelia of the nasal cavity and the testis (16, 19) . Respiratory epithelia of the nasal cavity have multiple motile cilia which display the 9+2 microtubule structure. We observed Mak localizing in the cilia of the respiratory epithelia (Fig. S6L) . The Mak signal is reduced in the Mak-KO nasal cavity (Fig. S6M) . However, the ciliary length of respiratory epithelia did not differ in wild-type and Mak-KO mice (Fig. S6  L-N) . Similarly, we also found that the acetylated-α-tubulinpositive flagellar length of epididymal sperm does not differ in wild-type and Mak-KO mice (Fig. S6 O-Q) .
Aberrant Outer-Segment Disk Formation in Mak-Deficient Photoreceptors. The 9+0 axonemes of the photoreceptor cilia are assembled by nine peripheral doublet microtubules without a central microtubule (3) . To test if loss of Mak affects ultrastructural microtubule organization in the photoreceptor cilia, we performed an electron microscopic analysis. We observed no significant change in ciliary ultrastructures, including the array of the 9+0 microtubule doublets in transverse sections of the connecting cilium in Mak-KO photoreceptors ( Fig. S7 A and B) . Consistent with the results of the immunofluorescent analysis, we found elongated connecting cilium in the Mak-KO photoreceptors at age 1 mo in a longitudinal section of the connecting cilia (100 ± 2% in wild type, n = 12; 233 ± 22% in Mak-KO, n = 9; P < 0.03) (Fig. 3 M and N) .
In both vertebrate photoreceptors and nematode amphid channel cilia, the proximal microtubules of the axonemes are doublets, whereas distal microtubules are singlets (29, 30) . In the distal segment of the amphid channel cilia in dyf-5 animals, singlet microtubules were observed (14) . We observed singlet microtubules in outer-segment axonemes, which are positioned near the disk clefts, in both wild-type and Mak-null retinas (Fig. S7 C-F) .
We observed severely disorganized Mak-KO outer segments at age 1 mo compared with the wild type ( Fig. 3 M and N) . In contrast, disk rim formation seems to be intact in the Mak-null outer segments at age 1 mo (Fig. S7 G and H) . To examine whether the outer-segment disorganization observed in Makdeficient retinas is caused by a developmental defect or degeneration after normal development, we observed photoreceptor outer segments at P14 by electron microscopy. At this stage, the outer segments are still developing (31) . In wild-type photoreceptors, the stack of disk membranes in the outer segments is oriented perpendicular to the long axis of the outer segments ( Fig. S7 I and I′) . In the Mak-KO retina, however, we observed that the disk membranes were frequently oriented obliquely or parallel to the long axis of the outer segments ( Fig.  S7 J and J′) . In addition, the disk diameters are approximately two to four times larger in Mak-null than in wild-type outer segments (Fig. S7 I′ and J′) . Enlarged disks oriented obliquely or parallel to the long axis of photoreceptors were reported in mutant mice including RP1-mutant and RPGRIP1-null mice (24, 25) . These results suggest the disorganization of the outer segment observed in the Mak-KO retinas is, at least partially, the result of a developmental defect in outer-segment formation. Mak Overexpression Reduces Ciliary Elongation in Cultured Cells. To investigate the mechanisms by which Mak regulates ciliary length, we established a cultured cell system in which NIH 3T3 fibroblast cells develop cilia at a high frequency within 24 h after serum starvation (Fig. S8) . We prepared FLAG-tagged constructs expressing a full-length wild-type Mak (Mak-WT), a kinase-dead mutant Mak (Mak-KD), and a deletion-mutant Mak lacking the C-terminal nonkinase domain (Mak-N) (Fig. S8F) . The Mak-KD construct was generated by replacing a lysine residue (K33) located in the ATP-binding pocket of the Mak kinase domain with an arginine residue (32) . We transfected these constructs into NIH 3T3 cells and measured ciliary length. We found that the cells transfected with the wild-type Mak construct had shorter cilia than cells transfected with the control constructs (Fig. S8 A, B, and G) . On the other hand, cells transfected with the Mak-KD or Mak-N construct showed no significant change in ciliary length (Fig. S8 D,  E, and G) , showing that kinase activity and/or the C-terminal region of Mak is essential for the regulation of ciliary length.
We then investigated the subcellular localization of Mak in transfected cells using an anti-FLAG antibody. We observed that Mak-WT was localized mainly in the nuclei as previously reported (32) . As expected from the ciliary localization of Mak in photoreceptors, we observed that Mak-WT is also localized in the cilia of transfected cells. Mak localization was restricted to the tip of the shortened cilia (Fig. S8B) . Although we rarely observed elongated cilia in Mak-WT-transfected cells, ciliary tip localization of Mak-WT was observed in those cells (Fig. S8C) . We found that Mak-KD is also localized at the ciliary tip, suggesting that kinase activity is not required for the ciliary localization of Mak. In contrast, Mak-N was not localized in the cilia, showing that the C-terminal portion of Mak is essential for the ciliary localization of Mak.
RP1 Induces Ciliary Elongation and Reduces the Effect of Mak Over-
expression. It was previously reported that knock-in mice with a partial deletion of the RP1 gene exhibited shorten cilia (24). As we described above, we found colocalization of Mak with RP1 in the ciliary axoneme of wild-type photoreceptors. Mak-KO photoreceptors exhibited excessively long acetylated α-tubulin labeling. These observations prompted us to investigate whether RP1 is involved in the mechanisms by which Mak regulates ciliary length. To do so, we prepared constructs expressing RP1 and transfected them with or without the Mak-expressing constructs (Fig. 4A) . We observed increased ciliary length in the cells transfected with fulllength RP1 (RP1-FL) (Fig. 4 B-E, J, and K). In humans, the mutations in the RP1 gene generating deletion of the C-terminal portion of RP1 cause dominant retinitis pigmentosa (12) . Interestingly, the intensity of acetylated α-tubulin labeling significantly increased in cells expressing the N-terminal RP1 (RP1-N) construct containing the doublecortin domain, indicating that the cytoplasmic microtubules are more stable in these cells (Fig. 4 F-I) . Coimmunostaining of FLAG-tag with acetylated α-tubulin showed that RP1-FL and RP1-N were localized in a large portion of the distal cilia but not in the basal cilia, a putative transition zone (Fig. 4 E and G) . These results suggest that RP1 is a positive regulator of ciliary length. Notably, cotransfection of Mak with RP1-FL or RP1-N constructs rescued the excessive elongation of the cilia (Fig. 4 J and K) . This result suggests that a functional balance between Mak and RP1 is essential for the regulation of ciliary length and proper formation of the ciliary subcompartments. To test whether Mak rescues increased acetylated α-tubulin signals in cells expressing RP1-N, we cotransfected Mak with an RP1-N construct and observed the acetylated α-tubulin signal levels in the cells. We found that expression of Mak significantly decreased the intensity of acetylated α-tubulin labeling in the cells expressing RP1-N (Fig. S8 H-J) . Retinal sections from wild-type mice (A, A′, C, E, and G) and Mak-KO mice (B, B′, D, F, and H) at age P14 (A, A′, B, and B′) and 1 mo (C-H) were stained with anti-Mak (red in A, A′, B, and B′), anti-acetylated α-tubulin (a ciliary marker; green in A, B, G, and H; red in E and F), anti-RPGR (a connecting cilium marker; red in C and D), anti-RP1 (a marker for the outer-segment axonemes; green in E and F), anti-IFT88 (a component of IFT complex; red in G and H) or anti-γ-tubulin (a marker for the basal bodies; green in C and D) antibodies. Arrowheads in E and F indicate the distal tips of acetylated microtubules in the outer-segment axonemes. (I and J) Rhodopsin is mislocalized in the Mak-KO retina. Retinal sections from wild-type mice (I and I′) and Mak-KO mice (J and J′) at age P14 were stained with an anti-rhodopsin antibody. [Scale bars: 10 μm (A, C, E, and G, Upper), 100 μm (I and I′), and 2 μm (A′, C, E, and G, Lower).] (K and L) Length of the ciliary axonemes stained with the anti-acetylated α-tubulin antibody (K and L) and connecting cilia stained with the anti-RPGR (L) antibody in the wild-type photoreceptors (black bars) and Mak-KO photoreceptors (gray bars) were measured. Error bars show SE. *P < 0.03. To assess whether Mak physically interacts with RP1, we performed an immunoprecipitation assay. We expressed Mak and FLAG-tagged full-length RP1 or RP1-N in HEK293 cells and performed an immunoprecipitation with an anti-FLAG antibody. We found specific interactions of Mak with both RP1-FL and RP1-N (Fig. 4L) .
Then, to examine the possibility that Mak directly phosphorylates RP1, we performed a kinase assay using purified GSTMak. Interestingly, we found that GST-RP1-N was markedly phosphorylated by Mak, whereas no obvious phosphorylation of the GST-RP1 C-terminal (GST-RP1-C1) construct or GST alone was detected (Fig. 4M) . We observed weak phosphorylation of GST-RP1-C2 by Mak. To characterize the kinase activity of Mak with the RP1-N substrate, we performed a kinetic analysis. We found that the K m value for ATP was 19 μM (Fig. S8K) . In addition, we confirmed that Mak-phosphorylated RP1-N was dephosphorylated by λ-phosphatase (Fig. S8L) . These results support the idea that RP1 is a phosphorylation target of Mak.
Discussion
In the current study, we show that Mak is essential for preventing excessive elongation of the cilia and for maintenance of photoreceptor cells. Our observations in the Mak-KO retina suggest that a negative regulatory mechanism of ciliary length is essential for longterm photoreceptor survival, suggesting that this mechanism is involved in the pathogenesis of human photoreceptor degenerative diseases such as retinitis pigmentosa, Leber's congenital amaurosis, and BBS. In addition, similar negative regulatory mechanisms of ciliary length might be involved in the pathogenesis of other ciliopathies including polydactyly, craniofacial abnormalities, brain malformation, situs inversus, obesity, diabetes, and polycystic kidney (1, 2) .
How does the aberrant ciliary elongation in Mak-KO photoreceptors induce progressive photoreceptor death? One possible explanation is that the abnormally elongated cilia affect protein transport from the inner segments to the outer segments in photoreceptors, resulting in photoreceptor degeneration. Several lines of evidence support this idea. We observed an accumulation of rhodopsin in the Mak-KO photoreceptor cell bodies in the retina at P14. The transport efficiency of rhodopsin from the inner to the outer segments through the connecting cilia would be reduced in Mak-KO photoreceptors. Mutations in rhodopsin or protein transport machinery of the cilia (e.g., Kif3a or IFT mutants) cause accumulation of rhodopsin in the photoreceptor cell body and result in photoreceptor cell death. Absence of Dyf-5, a nematode homolog of Mak, affects the motility of kinesin motors and IFT particles in the cilia (14) . Similarly, we identified aberrant accumulations of IFT and kinesin in the Mak-KO photoreceptor cilia. Mak may regulate ciliary transport by directly phosphorylating the components of ciliary transport machinery including kinesin and dynein motors, IFT particles, and/or BBSomes (1, 3, 33) .
We demonstrate that overexpression of wild-type RP1 induces ciliary elongation. In addition, expression of the N-terminal portion of RP1 induces an increased intensity of acetylated α-tubulin labeling in cultured cells. These results suggest that excess activation of the microtubule-associated protein RP1 can induce excess ciliary elongation. The evidence shown here supports the idea that Mak regulates ciliary elongation through RP1 phosphorylation. First, we observed that coexpression of Mak with the RP1 constructs rescued the excess ciliary elongation. Second, we identified that Mak phosphorylates the N-terminal portion of RP1, which contains the doublecortin domain. This domain was originally identified in Doublecortin, whose mutations cause Xlinked lissencephaly and double cortex syndrome in humans (34) . Interestingly, phosphorylation of Doublecortin by several kinases, including JNK, protein kinase A, and cyclin-dependent kinase 5, was shown to regulate affinity to microtubules and migration of neurons (35, 36) . Similarly, it is possible that phosphorylation of RP1 by Mak regulates microtubule stability and controls ciliary length (Fig. S9) . Retinitis pigmentosa 1-like 1 (RP1L1), a putative microtubule-associated protein, is another candidate for phosphorylation by Mak (37) . In contrast to the restricted localization of RP1 in the axonemes of the outer segments, RP1L1 is localized both in the connecting cilium and the outer-segment axoneme, suggesting its involvement in the mechanisms regulating the length of connecting cilium in photoreceptors. How does Mak affect the intensity of acetylated α-tubulin labeling in the cilia? The first possibility is that the change of microtubule-binding status of microtubule-associated proteins by phosphorylation leads to the activation of enzymes involved in microtubule acetylation or deacetylation, because several microtubule-associated proteins were reported to induce microtubule acetylation (38) . The second possibility is that Mak directly regulates enzymes involved in microtubule acetylation and/or deacetylation. It was reported that Aurora A regulates ciliary disassembly before cellcycle entry through phosphorylation of tubulin deacetylase, histone deacetylase 6 (HDAC6). Phosphorylated by Aurora A, HDAC6 deacetylates microtubules of the cilia and facilitates disassembly of the cilia (39) . Furthermore, microtubule acetylation causes the recruitment of the molecular motors dynein and kinesin to microtubules (40) . In the developing photoreceptor cilia, regulatory balance of acetylation and deacetylation of ciliary microtubules seems to be important for keeping proper ciliary length and/or ciliary transport machinery. Mak may regulate this balance by phosphorylation of these molecules.
Materials and Methods
Animals. We used Mak-KO mice with a deletion of exons 5-8 in the Mak genomic locus which encodes the catalytic kinase domain and the proline and glutamine-rich domain as previously reported (17) . The Mak-KO mouse strain was provided by RIKEN BioResource Center through the National BioResource Project of the Japanese Government Ministry of Education, Culture, Sports, Science and Technology. Reagents and procedures are described in detail in SI Materials and Methods.
